Aerobic and facultative organisms have developed an efficient mechanism for protection against the reactive oxygen species (ROS) formed during aerobic respiration or during encounters with mammalian cellular defense mechanisms (6, 7, 31) . For example, superoxide anion is eliminated by superoxide dismutase and the accumulation of toxic hydrogen peroxide is prevented by catalases and peroxidases (9) . Physiological adaptation to oxidative stress is typically complex and tightly regulated. This can be seen in the control of catalase synthesis which is an important component of the oxidative stress response. Hydroperoxidase I (HPI), KatG, of Escherichia coli is induced in mid-logarithmic-phase cultures by the presence of hydrogen peroxide (16) . On the other hand, E. coli HPII, KatE, is induced following the onset of starvation at the beginning of stationary phase (16) . The katG gene is transcriptionally regulated by the redox-sensitive regulator OxyR, which is also known to control at least 9 of the approximately 30 proteins that are induced with sublethal doses of hydrogen peroxide (5, 20) , including alkyl hydroperoxide reductase (ahpCF) and glutathione reductase (gorA). Under reduced conditions, OxyR acts as a repressor, and under oxidative conditions, OxyR shifts and acts as a transcription activator (13, 32) . Expression of katE is regulated by the alternative stationary-phase sigma factor RpoS (KatF) (22) , a global regulator that controls the expression of several genes at the beginning of stationary phase (14, 17) . The increase in catalase synthesis in response to either hydrogen peroxide or stationary phase protects microorganisms against high concentrations of hydrogen peroxide which would be lethal were it not for a previous adaptive response (6, 7) .
Anaerobic bacteria such as Bacteroides fragilis are not generally exposed to oxygen and/or ROS in the human intestine. However, when anaerobic bacteria are shifted from anaerobic to aerobic conditions, as may occur during the initial stages of infection, oxidative stress is unavoidable and an adaptive response for survival may occur in aerotolerant anaerobic bacteria. It is not yet known how aerotolerant anaerobic bacteria are able to survive in the presence of oxygen, but an earlier study with the pathogen B. fragilis showed that the presence of superoxide dismutase and catalase may help to protect the bacteria against the toxic effect of ROS (21) . More recently, Rocha et al. (26) have shown that the oxidative response is more complex than just the synthesis of ROS scavenging enzymes, as a set of approximately 28 proteins are synthesized in B. fragilis upon either oxygen exposure or hydrogen peroxide treatment. One of these proteins was catalase, indicating that it is part of an oxidative stress response. B. fragilis appears to have a single catalase, which has been purified, and its gene, katB, has been cloned and sequenced (25) . A katB mutant was shown to be sensitive to exogenous hydrogen peroxide compared to its parental strain, confirming that catalase may play a role in protection against hydrogen peroxide toxicity (26). Previous work has indicated that B. fragilis catalase increased upon exposure to either oxygen or hydrogen peroxide and that its enzymatic activity is highly repressed by the presence of fermentable carbohydrate (8, 26) . Thus, the regulation of the single B. fragilis catalase appears complex, but the molecular mechanisms controlling its synthesis as well as the signals initiating it are not yet known. In this study, we present evidence that is consistent with transcriptional control of B. fragilis katB under a variety of growth conditions. These studies provide an initial look at the complex regulation of catalase in an anaerobic bacterium that is quite phylogenetically removed from the main line of bacterial descent. We hope that further studies may help us to understand how aerotolerant anaerobic bacteria survive in the presence of oxygen.
MATERIALS AND METHODS
Strains and growth conditions. B. fragilis 638R (24) was grown routinely in supplemented brain heart infusion broth (contains 0.2% glucose [BHIS] ) and incubated in an anaerobic chamber at 37°C (30 Induction of oxidative stress in B. fragilis was carried out as previously described with some modifications (26) . Briefly, oxygen exposure of the anaerobic cultures was carried out by splitting the cultures in two equal volumes. One half was placed on a rotatory incubator at 37°C and shaken at 250 rpm in air for 1 h, and the other half was kept in the anaerobic chamber for the same period. Treatment of cultures with paraquat was carried out as described above for oxygen except that 5 min after the cultures were divided, 500 M paraquat was added to both the anaerobic and aerobic cultures. Under the highly reducing, anaerobic conditions used to grow Bacteroides, it was thought that hydrogen peroxide would have a shorter half-life than in aerobic media. Thus, the peroxide response was induced by adding 50 M H 2 O 2 for 15 min twice. Then the challenge dose of 500 M H 2 O 2 was added 30 min before the cultures were harvested. The oxidant potassium ferricyanide (20 M) was also added to the culture medium for 30 min followed by the addition of 100 M or 1 mM potassium ferricyanide for 30 min before the cultures were harvested.
RNA isolation and Northern blot analysis. Total RNA was isolated by the hot phenol method of Aiba et al. (1) as modified previously (27) . Cultures were grown to mid-logarithmic phase (A 550 ϭ 0. (29) . RNA size standards (0.24 to 9.5 kb) (Life Technologies, Gaithersburg, Md.) were run in parallel. RNA was transferred to a nylon membrane (Hybond-N; Amersham Corp., Arlington Heights, Ill.) by capillary action in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and cross-linked by UV irradiation (29) . The probe used for Northern blot analyses was a 790-bp SphI/SspI internal DNA fragment of the katB gene (25) , labelled with [ 32 P]dCTP by random primer reaction with a commercial kit (Pharmacia LKB, Inc., Piscataway, N.J.). The blotted membrane was prehybridized for approximately 4 h in prehybridization solution (50% deionized formamide, 3ϫ SSC, 5ϫ Denhardt's solution, 50 mM NaH 2 PO 4 [pH 7.0], 100 g of fragmented salmon sperm DNA per ml, 1% SDS, 20 mM sodium pyrophosphate) at 45°C. Hybridization was carried out overnight in the same solution as above except that it contained 1ϫ Denhardt's solution, with the remaining volume made up of diethyl pyrocarbonate-treated distilled water. Unincorporated [␣-32 P]dCTP was removed over a NucTrap push column (Stratagene, La Jolla, Calif.), and the DNA probe was added at approximately 10 6 cpm per ml of hybridization solution. Membrane blots were washed twice in 2ϫ SSC-0.1% SDS for 30 min each at 45°C followed by at least two washes in 0.1ϫ SSC-0.1% SDS at 55°C and sometimes at 65°C. Autoradiographs were obtained by exposing the membranes to X-ray film, and hybridization was quantified by densitometry as described previously (27) . All values were normalized by comparison to the 16S and 23S RNAs present in the ethidium bromide-stained gels prior to blotting.
Primer extension analysis of total RNA. Primer extension analyses of total RNA using two katB-specific oligonucleotide primers were performed as described previously (4, 29) with some modifications (27) . The oligonucleotide primers 5Ј-GCG ATA GGA CGA CCA TTA GC-3Ј and 5Ј-GTC CTG CTG TCT GGC TGT TT-3Ј were complementary to nucleotides 25 to 44 and 54 to 73, respectively, of the katB gene coding region. A third oligonucleotide primer, 5Ј-ACC CGA CAA ATG TAG AG-3Ј, complementary to nucleotides Ϫ89 to Ϫ73 upstream of the katB translation start codon was used in some experiments. The 5Ј ends of the oligonucleotides were labelled with [␥-32 P]dATP by standard protocols (29) , and these were used as primers for the reverse transcriptase (RT) reaction.
Radiolabelled oligonucleotides (approximately 5 ϫ 10 5 cpm) were precipitated with 50 g of total RNA. The resulting pellet was dried, suspended in buffer containing 80% deionized formamide, 400 mM NaCl, 1 mM EDTA, and 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid (PIPES) (pH 6.4), incubated at 85°C for 10 min, and then annealed overnight at 40°C. After ethanol precipitation and centrifugation, the pellet was dried, suspended in 20 l of RT buffer, which contains 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 1 mM each of the four deoxynucleoside triphosphates, 100 g of actinomycin D per ml, and 10 U of RNase inhibitor (Life Technologies). Then, 200 U of Superscript II Reverse Transcriptase (Life Technologies) was added, and the mixture was incubated at 37°C for 1 h and then at 42°C for 1 h. The reaction was inactivated by the addition of 50 mM EDTA followed by the addition of 250 mM NaOH at 65°C for 30 min to hydrolyze ribonucleic acids and then was neutralized with 250 mM HCl. The reaction products were phenolchloroform extracted, precipitated, dried, and suspended in formamide loading buffer. The extended labelled product was electrophoresed on 6% polyacrylamide gels containing urea. A DNA sequencing ladder was prepared with a template encompassing the transcriptional start side region, using the same oligonucleotides that were used for the reverse transcription reactions.
RESULTS
Effect of oxidative stress on the expression of katB. The regulation of B. fragilis catalase was examined for a variety of growth conditions using Northern blots probed with an internal katB-specific gene fragment. For all conditions tested, there was a single mRNA transcript of katB observed of approximately 1.6 kb in size. This is consistent with a monocistronic message coding for the 55,905-molecular-weight KatB subunit (25) . The levels of katB mRNA increased dramatically following either the addition of hydrogen peroxide or exposure to oxygen for 60 min (Fig. 1) . Both of these oxidative stress conditions appeared to induce synthesis of katB mRNA significantly. There was at least a 15-fold increase observed after both H 2 O 2 treatment and oxygen exposure as determined by densitometry analysis of the katB Northern filter blots. The addition of paraquat in the presence of oxygen did not significantly induce the synthesis of mRNA further, suggesting that the aeration of the culture was sufficient for maximum expression of the katB gene. Under anaerobic conditions, the addition of the oxidant potassium ferricyanide at 100 M did not significantly (Յ2-fold) affect the levels of katB mRNA but there was a modest increase (3.5-fold) with 1 mM potassium ferricyanide or with 500 M paraquat (Fig. 1) .
Carbon or energy starvation control of catalase. Interestingly, a low level of katB transcript also seems to be present in the absence of oxygen during mid-logarithmic growth phase of B. fragilis cells. This observation and previous work showing that catalase activity was detected in anaerobically grown stationary-phase cells (25) led us to investigate the expression of katB mRNA during the anaerobic growth of strain 638R. katB mRNA was expressed anaerobically in a growth-dependent manner, reaching maximum expression at late-log or early stationary phase, followed by a decrease during the stationary phase (Fig. 2) . This suggested that catalase expression may also be influenced by the stationary-phase response or nutritional starvation generally associated with entry into stationary phase. Thus, to investigate whether nutritional starvation could modulate catalase mRNA levels, B. fragilis was grown in PY medium supplemented with a variety of fermentable and nonfermentable carbon sources and the levels of katB mRNA from cells in mid-logarithmic growth phase were determined. Figure  3 shows that in the absence of oxygen, the expression of katB mRNA was strongly repressed by glucose compared to the culture in basal PY medium. However, the addition of fumarate, succinate, pyruvate, or acetate to the PY medium had no repressing effect on katB. Glucose repression was abolished upon oxygen exposure, and the levels of mRNA increased dramatically. In fact, katB induction was to the same approximate levels for all oxygen-treated cultures, regardless of the carbon source (Fig. 3) . These results indicate that katB is regulated by two apparently independent signals, nutritional starvation and oxidative stress.
The results of an experiment designed to determine if fermentable carbon sources could inhibit the increase of katB message are in agreement with the carbon and energy starvation experiments (Fig. 4) . Glucose, xylose, and nonfermentable fumarate were added to a culture growing in basal medium containing pyruvate. The addition of glucose resulted in a rapid stimulation of bacterial growth and a fivefold inhibition of katB mRNA within 30 min. In the case of xylose, a slightly different result was observed. There was a lag period between the time of addition of xylose and the stimulation of growth, and the level of katB message at the 30-min time point was not significantly different than that of the pyruvate control. However, by 2 h, the growth rate had increased and a 1.6-fold inhibition of katB mRNA was seen. Following the addition of the nonfermentable carbon source fumarate, there was little effect on the growth rate and the levels of katB mRNA decreased only slightly.
To determine whether the starvation response was specific for carbon and energy sources or if starvation for different nutrients could induce the response, several additional experiments were carried out. In contrast to the carbon effects, phosphate limitation did not seem to affect the level of catalase mRNA. When 8 mM phosphate was added to a phosphatelimited culture (growing with 0.08 mM phosphate), a rapid increase in growth was observed and there was a slight increase in katB mRNA compared to the phosphate-limited culture (data not shown). The effects of nitrogen and hemin on the expression of catalase mRNA were similar to phosphate limitation, and neither nitrogen nor hemin limitation resulted in higher levels of katB mRNA (data not shown). These results suggest that phosphate, nitrogen, or hemin starvation did not cause the same effect on catalase mRNA expression as seen with the carbon and energy sources.
Identification of the katB promoter region. Primer extension analysis was used to identify the transcriptional start site for katB in cells maintained under anaerobic conditions or oxidatively stressed. The results in Fig. 5A reveal that there was just one major start site used by cells stressed with either H 2 O 2 or oxygen. Further, the addition of the redox cycling agent paraquat to anaerobic or oxygen-stressed cells did not alter the transcriptional start site. The major mRNA ϩ1 was located at the guanosine nucleotide position 75 bp upstream of the katB translational start codon ( Fig. 5 and 6 ).
It was of interest to determine if cells used the same tran- Fig. 5B suggested that during severe energy starvation, there was a shift away from the major guanosine start site to one of the two A residues 3 or 4 bases closer to the translational start of katB. In contrast, anaerobic cells grown with glucose did not change start sites. When these cultures were exposed to oxygen, nearly all transcription initiated at the major guanosine start site, indicating that this was the start of the predominant oxidative stress transcript. Analysis of the nucleotide sequence upstream of the katB transcription start site revealed that there are three inverted repeats in this region. The only other oxidative stress gene from B. fragilis for which the nucleotide sequence is known is superoxide dismutase. Interestingly, the comparison of these two sequences revealed that one imperfect inverted repeat sequence TGAAATnnnnnATTTGA (where n is any nucleotide), is present in the upstream region of both the sod and katB gene (Fig. 6) . Moreover, this inverted repeat overlaps with the predicted Ϫ35 region of the katB gene promoter region. These results suggest that this repeat sequence may be a cis-acting nucleotide sequence element involved in the regulation of the B. fragilis catalase gene.
DISCUSSION
The study of the antioxidant mechanisms and ROS scavenging enzymes in an aerotolerant anaerobic bacterium such as B. fragilis may provide new insight into our understanding of the protective response to oxidative stress in all living organisms. First, because this is an anaerobic organism, it cannot utilize oxygen or change to an aerobic growth mode when shifted from anaerobic conditions. Thus, the response to oxygen exposure must be rapidly and fully induced, since diminishing cellular resources will prevent further significant expression of protective mechanisms. Second, the response may be programmed for a specific period of time that would maximize viability until appropriate anaerobic growth conditions are reestablished. Finally, the Bacteroides diverged very early from other eubacteria (35) , which suggests that this bacterium would be a suitable organism for studying how different bacteria have independently developed highly regulated mechanisms against oxygen toxicity.
Regulation of the B. fragilis response to oxidative stress may be best examined through the use of a model system, and we have chosen catalase as a representative ROS enzyme. Previously it was shown that the KatB protein and activity were induced by oxidative stress and that this was part of a much larger physiological response involving the apparent induction of at least 28 new peptides (26) . In the present report, results suggest that the katB catalase gene is regulated at the transcriptional level; however, a mechanism involving increased stability of the mRNA cannot be formally ruled out. The katB gene was transcribed as a monocistronic mRNA either following oxidative stress or during growth under carbon and energy limitations. Although the regulatory mechanism controlling the synthesis of catalase is not known, the strong induction of katB mRNA following oxidative stress is clearly consistent with it being part of a coordinated global oxidative stress response in B. fragilis. The induction of catalase mRNA in the absence of oxygen suggests that this enzyme may be important during starvation conditions to protect the cells against eventual oxygen exposure or to decompose H 2 O 2 that may eventually be formed from stationary phase or dormancy metabolism. Consistent with this view is the fact that a B. fragilis catalase mutant is more likely to survive in stationary phase than the parent strain (unpublished data). A similar observation was made for an E. coli katE mutant which lacks the HPII catalase controlled by the stationary-phase regulator rpoS (18, 22) . Although the function of all catalases is to eliminate H 2 O 2 by forming water and molecular oxygen, the regulation of this enzyme in procaryotes varies greatly among bacterial species (15) . Different species regulate the synthesis of catalase according to their own specific needs and environmental conditions (15) . In the case of E. coli and Salmonella typhimurium, there are two catalases, KatG (HPI) and KatE (HPII). The level of KatG increases approximately 10-fold in response to H 2 O 2 during exponential growth and is regulated by the OxyR protein, a member of the LysR family of regulatory proteins that is able to perform both sensor and transducer activities (13, 31) . To a much less extent, KatG is also induced by the stationary-phase alternative sigma factor S encoded by the rpoS gene (12) . In contrast, KatE increases its expression approximately 10-fold at the entry of stationary phase under the control of S and possibly other transcriptional factors (19, 22) . Interestingly, B. fragilis possesses a single catalase enzyme which responded to both H 2 O 2 and carbon and energy starvation signals and both responses appeared to be controlled by the same promoter region. In contrast, the Haemophilus influenzae catalase gene which shares 76% amino acid sequence identity and 66% nucleotide sequence identity with katB (25) is induced by H 2 O 2 in mid-logarithmic-phase cells but is repressed in stationary phase (2) . Consistent with this difference in regulation is the upstream regulatory region of katB in B. fragilis which has diverged greatly from the upstream region of H. influenzae katE with nucleotide sequence identity of only 46%.
As mentioned above, a global oxidative stress regulatory mechanism in B. fragilis has not yet been elucidated. However, the finding of an inverted repeat sequence in both the regulatory region of katB and the superoxide dismutase gene sod makes this sequence, TGAAATnnnnnATTTGA, a strong candidate for a DNA binding protein recognition site involved in the regulation of oxidative stress genes. This sequence, tentatively designated the rot box (rot for response to oxygen toxicity), has not been found in regulatory regions of other B. fragilis genes available in the database (data not shown). The potential role this sequence plays in the regulation of B. fragilis oxidative stress gene expression is presently under investigation and will be clarified as more oxidative stress genes of B. fragilis are identified.
Two distinct mechanisms affected the expression of katB, oxidative stress and growth phase or carbon and energy dependence. Interestingly, both forms of control utilized the same or overlapping transcription promoter. Regulation by the availability of a carbon or energy source was oxygen independent, and the levels of katB mRNA decreased immediately when glucose was added to anaerobic, carbon-or energystarved cultures. katB was more slowly repressed by xylose, a more slowly fermented sugar. Consistent with this observation, during phosphate-or nitrogen-limited growth, there was clearly excess glucose and levels of katB mRNA were the same or somewhat higher when an excess amount of the limiting nutrient was added to the culture. Thus, the carbon or energy source control seems to be restricted to carbon and energy sources and not other forms of nutritional limitation. This confirms and adds to a previous report showing that catalase activity in B. fragilis is abolished by fermentable carbohydrate (8) . The second form of regulation is oxygen or ROS dependent, and this control is dominant in that oxidative stress resulted in high levels of katB mRNA overcoming the glucose repression mechanism (Fig. 3) . This suggests that catalase synthesis is necessary to protect B. fragilis against toxic H 2 O 2 that is formed under aerobic conditions. Dual regulatory mechanisms of catalase expression have also been demonstrated for the B. subtilis katA catalase gene. In this case, transcription initiation occurs at the same site under two independent mechanisms, the H 2 O 2 -inducible regulation and the sporulation regulatory genes spo0A and abrB (3) .
At this point, it is not known if katB is controlled by a repressor or activator mechanism such as oxyR nor is it known whether oxygen or H 2 O 2 is the signal which initiates the response. It is unlikely that an increase in the oxidation-reduction potential (Eh) of the medium has a direct effect on the transcription activation of katB gene, as only a low level of mRNA was detected in the presence of an oxidant (potassium ferricyanide). This suggests that the presence of either oxygen or ROS but not an increase in medium Eh is the important signal for catalase mRNA expression. This is consistent with previous reports which showed that molecular oxygen but not high Eh inhibited growth and survival of anaerobes (23, 34) .
The oxidative stress response in B. fragilis may be an advantageous adaptive mechanism during the initial steps of an infectious process when oxygenated human tissues will be encountered for a time until anaerobic conditions suitable for multiplication and growth can be established. It has been reported that adaptation to oxidative stress conditions is important for pathogenic facultative intestinal bacteria such as E. coli and S. typhimurium to survive not only in aerobic environments but also for resistance to the oxidative burst of macrophages and phagocytic cells of the immune system when they leave the anaerobic human intestinal tract to cause extraintestinal infections (6, 31) . Hydrogen peroxide generation within phagosomes is one of the important active oxygen species produced by macrophages to kill invading microorganisms (10, 28) , and a potential role of the catalase enzyme in some pathogenic organisms is to eliminate H 2 O 2 generated in the infected tissues (15) . With regard to B. fragilis, the presence of a functional catalase enzyme was essential for survival in the presence of an exogenous source of hydrogen peroxide in vitro (26) and the role it plays in vivo remains to be investigated.
